ABSTRACT
W hile gliomas are rare compared with other cancers, they have a high mortality rate. Despite improvement in 5-year survival rates of many cancers, outcomes for brain tumors have remained relatively unchanged during the past 30 years, improving Ͻ2%.
1 Median survival is 12-15 months for glioblastomas (GBMs) and 2-5 years for lower grade gliomas. As our understanding of cancer biology, genetics, and treatment resistance mechanisms improves, the ability to stratify patients early with predictive biomarkers will be critical in the development of new therapies and the evaluation of treatment responses. 2 Gliomas are histopathologically typed and graded as outlined with the World Health Organization criteria, which provide important prognostic information as well as potential guidance on the clinical treatment of the tumor. 3 The World Health Organization classification was updated in 2016 to include molecular markers, which have important implications for patient outcome and may be critical information in the selection of a treatment strategy. Recent effort in the area of radiogenomics has explored the potential of using MR imaging phenotypes to noninvasively determine tumor genotypes, including the detection of 3 common genomic alterations in gliomas. 4 Mutations in the gene responsible for encoding a metabolic enzyme called isocitrate dehydrogenase 1 (IDH1) frequently occur in low-grade gliomas, exhibiting different genetic and epigenetic etiology compared with IDH1 wild type gliomas, and are considered a distinct disease entity with a poorer prognosis, independent of tumor grade. 5, 6 While only 6% of GBMs have mutations in IDH1, it is hypothesized that these tumors have evolved from lower grade gliomas, while low-grade gliomas that lack a mutation in IDH1 could be considered "preglioblastomas." 5, 7 IDH1 mutations may also be predictive of therapeutic outcome from specific treatments, such as increased radiosensitivity in vitro and differentiating patients who benefit from alkylating agent chemotherapy in combination with radiation therapy. 8, 9 Recent effort has investigated noninvasive biomarkers to identify IDH1-mutant tumors in humans, including MR spectroscopy, using the association between mutations in IDH1 and 2-hydroxygluterate in the tumor. 10 However, challenges related to long scan times, complex data processing, and low spectral resolution have limited clinical applications.
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Tumors are characterized by altered tissue-and cellular-level mechanics, and the stiffness of the extracellular matrix (ECM) in gliomas may be associated with a mutation in IDH1. 12, 13 A recent study by Miroshnikova et al 13 demonstrated an overall correlation between tumor grade and IDH1 mutational status with the ECM stiffness of human glioma brain biopsies. Using stiffness measurements from an atomic force microscope, they demonstrated increased ECM stiffness with tumor grade: The ECM from GBMs was stiffer than the ECM from lower grade gliomas. Additionally, the ECM of gliomas with a mutation in IDH1 was softer than the ECM of wild type IDH1 gliomas, regardless of histologic grade. These results demonstrate a microscopic mechanical correlation between ECM stiffness and tumor genotype. Additional work is needed to determine whether this finding correlates to macroscopic mechanical properties of gliomas. MR elastography (MRE) is a technique used to noninvasively quantify the mechanical properties of tissue. [14] [15] [16] Previous studies have demonstrated the feasibility of using MRE to evaluate the viscoelastic properties of brain tumors, including gliomas, in which brain tumors were mainly softer than normal brain and benign variants; however, some tumors are stiffer than normal brain, 17 and GBMs were the softest brain tumors compared with meningiomas, vestibular schwannomas, and metastases. 18, 19 Additional work demonstrated that the viscoelastic properties of GBMs were dependent on composition (eg, necrosis or cystic cavities) and that the mechanical properties were heterogeneous with both stiff and soft regions. 17, 20 Recent work investigated the stiffness of 4 common brain tumors and stated that MRE may reflect the collagenous content of tumors. 19 The purpose of this study was to noninvasively evaluate gliomas with MRE to characterize the relationship of tumor stiffness with tumor grade and mutations in the IDH1 gene. We hypothesize that glioma stiffness will vary across tumor grade and that gliomas with an IDH1 mutation will exhibit different mechanical properties than IDH1 wild type gliomas.
MATERIALS AND METHODS

Patient Recruitment
This prospective study was approved by our institutional review board, and informed written consent was obtained from each subject. Inclusion criteria for the study consisted of subjects older than 18 years of age with biopsy-confirmed gliomas and a minimum tumor diameter of 2 cm. Subjects with contraindications to MR imaging (cardiac pacemaker, implanted metallic object, or claustrophobia) and lesions with extensive necrosis were excluded. Eighteen patients (mean age, 44 years; range, 25-68 for men, n ϭ 12; and mean age, 40 years; range, 28 -40 for women, n ϭ 6) with a presumed or previous needle biopsy-diagnosed glioma scheduled for surgical resection were recruited for an MRE examination before tumor resection from April 2014 to December 2016. Diagnosis was confirmed following the operation by an experienced pathologist as part of clinical standard of care and included determination of tumor grade, histologic subtype, the presence of the 1p/19q codeletion, and IDH1-R132H mutations.
MR Image Acquisition
Preoperative imaging was performed with a 3T MR imaging scanner (Signa Excite; GE Healthcare, Milwaukee, Wisconsin). The MR imaging protocol for each subject included an anatomic T1-weighted inversion recovery echo-spoiled gradient-echo acquisition with the following parameters: TR/TE ϭ 6.3/2.8 ms; TI ϭ 400 ms; flip angle ϭ 11°; 256 ϫ 256 acquisition matrix; FOV ϭ 27 cm; section thickness ϭ 1.2 mm; 200 sagittal sections; bandwidth ϭ 31.25 kHz; parallel imaging acceleration factor ϭ 1.75. MRE imaging used a modified single-shot, flow-compensated, spin-echo EPI pulse sequence.
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MR Elastography Image Acquisition
Low-amplitude mechanical vibrations in the form of shear waves were introduced into the brain at a frequency of 60 Hz as previously described. 23 A custom-built soft, pillowlike passive driver was positioned beneath the subject's head in a standard 8-channel receive-only MR imaging head coil (Fig 1) . A long flexible tube connected the passive driver to the active component located outside the scan room, which comprised a waveform generator, an amplifier, and an acoustic speaker. The resulting shear wave motion was imaged with the spin-echo EPI MRE pulse sequence by synchronizing motion-encoding gradients to the applied mechanical vibrations. The imaging parameters included the following: TR/TE ϭ 3600/62 ms; 72 ϫ 72 acquisition matrix reconstructed to 80 ϫ 80; FOV ϭ 24 cm; section thickness ϭ 3 mm; 48 contiguous axial sections; bandwidth ϭ 250 kHz; parallel imaging acceleration factor ϭ 3; motion-encoding in the positive and negative x, y, and z directions; and 8 phase offsets sampled during 1 period of motion at 60 Hz. The MRE acquisition time was Ͻ7 minutes.
Image and Data Processing
Tissue viscoelastic shear properties were quantified from the measured displacement fields. 14, 24, 25 Assuming the tissue to be linear, isotropic, locally homogeneous, and viscoelastic, we quantified the complex shear modulus using previously described direct inversion methods (Fig 1) . 22, [26] [27] [28] Before direct inversion, several postprocessing steps were taken. First, the complex phase-difference images were calculated in the x, y, and z motion-encoding directions. Then, the curl of the input displacement field was calculated to reduce effects from the tissue boundaries and longitudinal wave propagation. A 2D low-pass filter was applied to reduce section-to-section phase discontinuities. A 3D direct inversion algorithm was used to calculate the complex shear modulus G*. 22 Shear stiffness was reported as the magnitude of the complex shear modulus (͉G*͉). A tumor ROI was manually drawn on each imaging section from T1-maps registered to the MRE space using information from all available imaging sequences, including T1-, T2-, diffusion-, and contrast-enhanced T1-weighted images as previously described (research trainees, 1 year of experience under supervision of J.H., 26 years' experience). 22 Tumor stiffness was calculated as the median ͉G*͉ of all voxels contained in the ROI volume and was compared with a size-matched ROI in the unaffected white matter on the contralateral hemisphere to serve as a control. Group results are reported as mean Ϯ SD (range).
Tumor volume was defined as the tumor ROI volume (cubic centimeter), calculated as the number of voxels contained in the ROI multiplied by the voxel volume. Contrast enhancement was assigned a label of nonenhancing, partially enhancing, or completely enhancing, determined from contrast-enhanced T1-weighted images obtained during a standard diagnostic MR imaging (J.H., 26 years' experience in neuroradiology).
Statistical Analysis
For each tumor ROI volume, the mean difference in tumor shear stiffness and unaffected contralateral normal white matter was analyzed with the Wilcoxon rank sum test. The mean differences in mean shear stiffness of IDH1ϩ and IDH1Ϫ tumors were analyzed with the Wilcoxon rank sum test. One-way ANOVA and Tukey-Kramer tests were used to compare the mean tumor shear stiffness between different tumor grades. A P value of Ͻ .05 was considered statistically significant. All calculations were performed with Matlab 2016a (MathWorks, Natick, Massachusetts) and R Core Team, 2015 (R Foundation for Statistical Computing, Vienna, Austria; http://www.r-project.org).
RESULTS
Patient Recruitment
MRE was performed on 18 patients. Following the operation, tumor grade was determined by clinical pathology and included 5 grade II, 7 grade III, and 6 grade IV tumors (Table) . Twelve patients had tumors with a mutation in IDH1-R132H: 5/5 grade II, 5/7 grade III, and 2/6 grade IV tumors. Following the revision of the World Health Organization classification of gliomas in 2016, the 18 histopathology results were reclassified to reflect the new definitions.
Shear Stiffness and Tumor Grade
The mean shear stiffness of all gliomas was 2.2 Ϯ 0.7 kPa (range, 1.1-3.8 kPa) compared with 3.3 Ϯ 0.7 kPa (range, 1.2-4.1 kPa) in the contralateral unaffected white matter. In all except 2 cases, the tumor tissues were softer than normal brain tissue (P Ͻ .001). Tumor stiffness showed an inverse relationship with tumor grade: High-grade tumors were softer than lower grade tumors (Fig 2) . For grades II, III, and IV, tumor stiffness was 2.7 Ϯ 0.7 kPa (range, 2.1-3.8 kPa), 2.2 Ϯ 0.6 kPa (range, 1.7-3.4 kPa), and 1.7 Ϯ 0.5 kPa (range, 1.3-2.1 kPa), respectively. Grade IV GBMs were significantly softer than grade II gliomas (P ϭ .03), but no statistically significant difference between grades II and III (P ϭ .19) or between grades III and IV (P ϭ .23) was observed. Additional correlations of tumor stiffness were investigated, including anatomic location, patient age, and tumor volume, but no significant trends were observed.
Shear Stiffness and IDH1 Mutations
Tumors with a mutation in IDH1 (n ϭ 12) were significantly stiffer than wild type IDH1 (n ϭ 6) tumors, with a shear stiffness of 2.5 Ϯ 0.6 kPa (range, 1.5-3.8 kPa) and 1.6 Ϯ 0.3 kPa (range, 1.1-1.9 kPa), respectively (P ϭ .007, Fig 3) . This observation was independent of tumor grade. There were 2 outliers, including a secondary GBM with a positive IDH1 mutation and a shear stiffness of 1.5 kPa and a grade III infiltrating anaplastic glioma with a positive IDH1 mutation and a shear modulus of 1.7 kPa. The MRE results from 2 grade III tumors are shown in Fig 4, to demonstrate the large stiffness heterogeneity between IDH1 mutant and wild type tumors. While both were grade III gliomas, the mechanical properties were drastically different between the 2 tumors, with tumor stiffness equal to 3.3 kPa for the IDH1 mutant tumor and 1.7 kPa for the IDH1 wild type tumor. 
DISCUSSION
This study demonstrates that gliomas are softer than normal brain and that the stiffness of gliomas decreases with increasing tumor grade, consistent with previous MRE results of brain tumors. One study reported that primary brain tumors have a uniform loss of dissipative behavior and that the tumor mechanical properties are altered with increasing malignancy. 18 Similarly, another study investigated the mechanical properties of GBMs using MRE and found that most GBMs were softer than normal brain. 20 In these studies, low-grade gliomas were not included and no statistical analysis was reported for the relationship between tumor mechanical properties and tumor grade or IDH1-mutation status. A recent study demonstrated good correlation between glioma stiffness measurements and surgical assessment. 19 The results of this study are consistent with the quantitative stiffness values of gliomas reported in the literature.
The results presented in this work suggest that glioma stiffness may be a biomarker of IDH1-mutation status, with softer tumors being indicative of a wild type IDH1, irrespective of tumor grade. IDH1 mutations in gliomas are associated with improved outcome. 5 The stiffness of the grade III gliomas with wild type IDH1 was more comparable with the stiffness of grade IV tumors than of the IDH1-mutated grade III tumors. One outlier was an IDH1-mutated GBM with a relatively low stiffness (1.5 kPa compared 
FIG 2.
A, Gliomas are softer than normal brain tissue, compared with size-matched ROIs in the unaffected contralateral white matter (asterisk indicates P Ͻ .001). An outlier is indicated by a plus sign, and whiskers on the boxplot indicate the 25th and 75th percentiles. B, Glioma stiffness decreases with increasing tumor grade (double asterisks indicate P Ͻ .05).
FIG 3. A,
Comparison of the tumor stiffness (͉G*͉) between IDH1-R132H (n ϭ 12) and wild type (WT) gliomas (n ϭ 6). Gliomas with wild type IDH1 were significantly softer than gliomas with a mutation in IDH1-R132H (asterisk indicates P ϭ .007). The whiskers on the boxplot indicate the 25th and 75th percentiles. B, Tumor shear stiffness by tumor grade for all patients in this study including IDH1-R132H mutated tumors (white circles) and wild type IDH1 (WT, black circles). The horizontal dotted line at 2.0 kPa separates the IDH1-mutated and wild type gliomas with a sensitivity and specificity of 83% and 100%. There is one secondary IDH1-mutated GBM with a low ͉G*͉ ϭ 1.5 kPa, and it may be unique due to the secondary disease subtype. with a mean of 2.5 kPa for IDH-mutated gliomas). This tumor was a secondary GBM; 76% of secondary GBMs are IDH1-mutated compared with 6% of primary GBMs. 5, 6 The considerable softness of this GBM may be from previous radiation therapy. Further investigation is needed to understand the heterogeneity in glioma stiffness between primary and secondary malignancies for all tumor grades and different histologic subtypes. These data provide the evidence to support the concept of "mechanogenomics"-the identification of genetic features such as IDH1 mutation using intrinsic biomechanical information and MRE-derived shear stiffness-possibly being used as a biomarker to both identify and spatially resolve genetically induced alterations of tissue biomechanical properties. This study found an inverse relationship between tumor stiffness, in which GBMs were softer than lower grade tumors and gliomas with wild type IDH1 were softer than those with mutated IDH1, regardless of tumor grade. This is opposite of the relationship found in the recent study by Miroshnikova et al 13 of ECM stiffness in gliomas, in which the ECM of gliomas with an IDH1 mutation was associated with a softer ECM, independent of histologic grade. Macroscopic tumor stiffness comprises Ͼ1 constituent part, and in that study, ECM stiffness was not correlated with the levels or distribution of type I collagen, vasculature, or cellularity. Additional factors that may affect macroscopic tumor stiffness include cellularity, increased vessel density, and interstitial fluid pressure. 29, 30 Each of these factors may contribute to the overall tumor stiffness and potentially explain the opposite relationship of whole-tumor stiffness with tumor grade and IDH1-mutation status observed in this study. While the opposite trends were observed in this study, the same correlations were found in which stiffness was correlated with tumor grade and IDH1 mutations, irrespective of tumor grade. Further work is needed to understand the relationship between the microscopic ECM stiffness and the macroscopic whole-tumor stiffness in gliomas. The mechanisms behind these mechanogenomic differences are not well-understood and therefore require further investigation to determine the diagnostic accuracy of this technique and to investigate the relationship between tumor mechanical properties and progression-free survival and overall survival. Additionally, the role of other common somatic driver mutations, including the codeletion of the 1p and 19q chromosomal arms, methylguanine methyltransferase methylation status, and TERT promotor mutations need to be investigated. In the case of low-grade gliomas, there is an important need for a noninvasive technique capable of detecting malignant transformation to a higher grade. The serial assessment of tumor mechanical properties using MRE may help identify these events before imaging changes on standard anatomic MR imaging are seen. Previous results suggesting the completeness of nonenhancing tumor resection are an important prognostic factor in IDH1-mutant tumors, and a priori knowledge of IDH1 status may help guide the extent of planned resection. 31 The potential of mechanogenomics with MRE to reliably and prospectively identify IDH1 mutation preoperatively may have a large impact on surgical planning and postoperative patient management. There are several limitations in this pilot study, including sample size and representation of lower grade tumors. The inclusion criteria for this study required a minimum tumor diameter of 2 cm. Improvement in the MRE acquisition and data processing could allow the quantification of mechanical properties in smaller tumors. Imaging plays an invaluable role in the treatment and monitoring of gliomas, but there is room for improvement. Common critiques of imaging techniques are low specificity and lack of histologic correlation. For instance, in the area of therapeutic response, the development of new targeted chemotherapy and radiation therapies may result in complicated imaging changes (either pseduoprogression or pseudoresponse), which are not adequately assessed with morphologic or anatomic imaging techniques. While our understanding of IDH1 mutations and glioma biology has increased dramatically during the past few years, the optimal strategies for therapeutic interventions remain unclear. The ability to noninvasively detect this mutation may have important implications for stratifying patients for treatment and monitoring of response. Future work is needed to confirm these results and investigate additional tumor genotypes with prognostic and therapeutic significance for gliomas, including the 1p19q codeletion and methylguanine methyltransferase methylation status, as well as stiffness differences with histopathologic subtype.
CONCLUSIONS
Our study confirms that gliomas of all grades are softer than normal brain tissue and that tumor stiffness decreases with increasing tumor grade. In addition, gliomas with a mutation in IDH1 are stiffer than wild type IDH1 gliomas. The quantitative analysis of brain tumor mechanical properties may aid in the initial clinical assessment, surgical management, and postoperative monitoring of gliomas.
